Recent studies have shown that haloarchaea employ leaderless and Shine-Dalgarno (SD)-less mechanisms for translation initiation of leaderless transcripts with a 5= untranslated region (5= UTR) of <10 nucleotides (nt) and leadered transcripts with a 5= UTR of >10 nt, respectively. However, whether the two mechanisms can operate on the same naturally occurring haloarchaeal transcript carrying multiple potential start codons is unknown. In this study, the transcript of the sptA gene (encoding an extracellular serine protease of Natrinema sp. strain J7-2) was experimentally determined and found to contain two potential in-frame AUG codons (AUG 1 and AUG 2 ) located 5 and 29 nt, respectively, downstream of the transcription start site. Mutational analysis revealed that both AUGs can function as the translation start codon for production of active SptA, although AUG 1 is more efficient than AUG 2 for translation initiation. Insertion of a stable stem-loop structure between the two AUGs completely abolished initiation at AUG 1 but did not affect initiation at AUG 2 , indicating that AUG 2 -initiated translation does not involve ribosome scanning from the 5= end of the transcript. Furthermore, the efficiency of AUG 2 -initiated translation was not influenced by an upstream SD-like sequence. In addition, both AUG 1 and AUG 2 contribute to transcript stability, probably by recruiting ribosomes to protect the transcript against degradation. These data suggest that depending on which of two in-frame start codons is used, the sptA transcript can act as either a leaderless or a leadered transcript for SptA production in haloarchaea.
I
n all three domains of life (i.e., Archaea, Bacteria, and Eukarya), translation of the open reading frames (ORFs) of mRNAs into proteins is an essential process for gene expression. This process consists of initiation, elongation, and termination phases, and the initiation phase largely controls the rate and efficiency of protein synthesis (1) . In comparison with other phases of translation, the initiation phase has diverged significantly between the Archaea, Bacteria, and Eukarya. The initiation pathways characterized to date include scanning (5=-end-dependent), internal ribosomal entry site (IRES)-mediated, Shine-Dalgarno (SD)-dependent, SD-less (SD-independent), and leaderless mechanisms (2) .
In eukaryotes, the translation start codon is generally identified by the scanning mechanism, wherein the 40S ribosomal subunit binds to the 5= end of the mRNA with the aid of initiation factors and then scans along the 5= untranslated region (5= UTR) until the first AUG codon is reached (3) . Some eukaryotic and viral mRNAs contain highly structured IRESs within the 5= UTR, and initiation factors assist in recruiting the 40S ribosomal subunit to the IRES in order to initiate translation (2) . The SD-dependent initiation mechanism, initially identified in bacteria, involves the formation of base pairs between the 3= end of the 16S rRNA and the SD motif in the 5= UTR of the bacterial mRNA (4, 5) . Some archaea, such as Sulfolobus solfataricus, also utilize SD-dependent translation initiation (6) . Recent studies on translation initiation in haloarchaea revealed the existence of an SD-less mechanism that operates on mRNAs with a 5= UTR that lacks a SD motif or IRES and does not involve ribosomal scanning (7) (8) (9) . In contrast to the aforementioned mechanisms, the leaderless mechanism operates on mRNAs that lack or have very short 5= UTRs and contain no substantial ribosomal recruitment signals except the start codon (2) . Translation initiation of leaderless mRNAs occurs in all three domains of life and, because of its simplicity, is hypothesized to be the ancestral translation initiation mechanism (10, 11) . Compared with the canonical SD-dependent and scanning mechanisms, the mechanistic and physiologic details of SD-less and leaderless initiation are poorly understood (8, 9, 12) .
Although translation initiation of eukaryotic mRNAs typically occurs at the first AUG codon from the 5= end via the scanning mechanism, under some rare conditions the first AUG may be bypassed, and initiation can occur at downstream AUGs as well. Bypassing of the first AUG codon is termed "leaky scanning" and enables the production of two independently initiated protein isoforms from one mRNA (13) . Protein isoforms can also be produced by alternative translation initiation on an IRES-containing mRNA (14) . Alternative translation initiation, along with differential promoter usage and alternative splicing, contributes to eukaryotic proteome complexity and under selection pressure can serve as a mechanism for increasing translation efficiency (15) .
The SD motif is the most important cis-acting element governing translation initiation in bacterial mRNAs. Jin et al. (16) reported that when an SD motif is located between two potential start codons, initiation occurs predominantly at the second start site; the first start site is utilized when the distance between this site and the downstream SD motif is increased and/or when the second start site is weakened. In that study, the authors found that the SD motif is systematically avoided in the early coding region of natural genes in Escherichia coli, possibly reflecting a strong evolutionary constraint for codon usage (16) . In rare cases, bacterial gene transcripts contain an internal start codon that is preceded by a strong SD motif (e.g., GGAGG); thus, alternative translation initiation leads to the generation of two isoforms of the protein, as evidenced by the heat shock proteins ClpB (17) and ClpA (18) , initiation factor 2 (IF2) (19) , hemolysin (20) , and lycopene cyclase (21) .
Notably, the majority of haloarchaeal transcripts are leaderless, and most leadered transcripts are devoid of an SD motif (7) . Moreover, the haloarchaeon Haloferax volcanii does not use the SD-dependent translation initiation mechanism, despite the presence of an SD motif in the 5= UTR of some transcripts, indicating that an SD-less mechanism for translation initiation operates at least in haloarchaea (8, 9, 22) . Experimental studies of alternative translation initiation of single haloarchaeal transcripts are limited. Hering et al. (8) reported that the introduction of an additional in-frame AUG in the 5= end of haloarchaeal transcripts in H. volcanii results in the simultaneous use of two start sites on the same message, raising the possibility that alternative translation initiation on one mRNA occurs in haloarchaea. However, whether alternative translation initiation occurs extensively on haloarchaeal transcripts with multiple potential start codons is unclear. The identification and characterization of haloarchaeal transcripts containing multiple potential start codons may provide insights into the regulation of translation initiation and its impact on gene expression in haloarchaea.
Many haloarchaea secrete proteases to degrade protein substrates in the natural environment. Most of these proteases belong to the subtilisin-like serine protease (subtilase) superfamily, known as halolysins (23, 24) . We previously cloned three halolysin-encoding genes from the genome of the haloarchaeon Natrinema sp. strain J7, designated sptA, sptB (which are arranged in tandem; GenBank accession no. AY800382), and sptC (GenBank accession no. DQ137266). The enzymatic properties, maturation, and secretion mechanisms of SptA and SptC have been characterized (25) (26) (27) (28) . As the major extracellular protease of Natrinema sp. strain J7, SptA is secreted primarily during stationary phase (28, 29) . The SptA precursor is composed of a Tat signal peptide, an N-terminal propeptide, a subtilisin-like catalytic domain, and a C-terminal extension (CTE). The signal peptide mediates the translocation of SptA across the cytoplasmic membrane via the Tat pathway, which is used for secretion of folded proteins (30) and then is cleaved by a signal peptidase. The N-terminal propeptide, which functions as an intramolecular chaperone and inhibitor of the mature form, is autocatalytically processed to yield the active mature enzyme composed of the catalytic domain and the CTE (26, 28) . Notably, it was observed that three in-frame ATGs are present at the 5= end of the sptA gene (25) . The purpose of this study is to investigate whether the sptA transcript could be initiated at multiple start codons and to probe the mechanism of alternative translation initiation in haloarchaea. The transcript of sptA was experimentally determined, and the potential start codons and their flanking regions were characterized using mutational analysis. Translation efficiencies were calculated based on quantification of transcript and protein levels. The roles of multiple start codons in translation initiation and gene expression are discussed based on our results.
MATERIALS AND METHODS
Strains and growth conditions. Natrinema sp. strain J7 (CCTCC AB91141) was isolated from a salt mine in China (31) . Natrinema sp. strain J7-2, a subculture of strain J7 lacking plasmid pHH205 (32, 33) , was grown in liquid modified growth medium (MGM) with 18% total salts as described previously (25) . The WFD11 strain of H. volcanii, which has been developed into a model species for studies of biological characteristics of haloarchaea (34) , was used as the host for expression of the sptA gene and its mutants. H. volcanii WFD11 was grown aerobically at 37°C in 18% MGM supplemented with 0.4 g/ml of novobiocin when necessary, as described previously (25) . Escherichia coli DH5␣ and E. coli JM110 were used as hosts for plasmid construction and were grown at 37°C in LuriaBertani medium supplemented with kanamycin (30 g/ml) or ampicillin (100 g/ml) as needed.
Determination of the 5= and 3= ends of the sptA transcript. Total RNA was isolated from late-log-phase Natrinema sp. strain J7-2 grown in 18% MGM using RNAiso Plus (TaKaRa, Otsu, Japan) according to the manufacturer's protocol. RNA circularization, reverse transcription, and PCR amplification were carried out according to the circularized RNA real-time PCR (RT-PCR) method (7, 35) . Briefly, total RNA was selfligated by incubating 1 to 2 g of RNA with 20 U of T4 RNA ligase (TaKaRa), 20 U of RNase inhibitor (TaKaRa), 1ϫ T4 RNA ligase buffer, and 0.1% bovine serum albumin (BSA) in a reaction volume of 20 l at 10°C for 16 to 18 h. After the total volume was adjusted to 400 l, proteins were removed by phenol-chloroform extraction, and self-ligated RNA was precipitated with ethanol following standard protocols (36) . After removal of genomic DNA, self-ligated RNA was converted into cDNA with the sptA-specific primer SptART (data not shown). Genomic DNA (gDNA) removal and reverse transcription of self-ligated RNA were carried out using a PrimeScript RT reagent kit with gDNA Eraser (Perfect Real-Time; TaKaRa) according to the manufacturer's instructions. The cDNA was then amplified with the sptA-specific primer pair P1/P2, followed by a second PCR with the nested primer pair N1/N2 (data not shown). The second PCR product was inserted into the NcoI-BamHI restriction site of the vector pET26b (Novagen, Darmstadt, Germany). The resulting plasmid was isolated from E. coli DH5␣ and used for DNA sequencing to determine the 5= and 3= ends of the sptA transcript.
Plasmid construction and mutagenesis. Genomic DNA of Natrinema sp. strain J7-2 was prepared according to the method of Kamekura et al. (37) . The oligonucleotide primers used for plasmid construction are available upon request (data not shown). Plasmids pST1 and pST2 were constructed by replacing the bop promoter in pSY1 (38) with the sptA and fsptA promoters, respectively. Note that fsptA is a mutant of sptA, and their promoters differ from each other at three positions (described below). Briefly, the pBluescript SKϩ fragment was amplified from pSY1 by PCR using the forward primer SK-f and the reverse primer SP-r or FP-r, which contain the complementary sptA or fsptA promoter sequence, respectively (data not shown). The PCR products were digested with XbaI and NdeI and then separately inserted into the XbaI-NdeI restriction site of pSY1, yielding plasmid pST1 or pST2, containing the sptA or fsptA promoter (data not shown) (Fig. 1) . For the construction of other plasmids, target DNA fragments were amplified from genomic DNA by PCR using the appropriate primers (available upon request) and then inserted into the NdeI-NcoI restriction site of pSY1, pST1, or pST2 (data not shown). Subsequently, the QuikChange site-directed mutagenesis method (39) was employed to generate mutant constructs (data not shown) using the appropriate primers (available upon request). The sequences of all recombinant plasmids were confirmed by DNA sequencing.
Determination of transcript levels. Recombinant plasmids were amplified in E. coli JM110 and then transferred into H. volcanii WFD11 (40) . Total RNA was isolated from mid-log-phase (optical density at 600 nm [OD 600 ] of ϳ1.2) H. volcanii WFD11 transformants grown in 18% MGM containing 0.4 g/ml novobiocin using RNAiso Plus (TaKaRa) according to the manufacturer's protocol. Genomic DNA removal and reverse transcription were carried out using a PrimeScript RT reagent kit with gDNA Eraser (Perfect Real Time; TaKaRa) according to the manufacturer's instructions. Quantitative real-time PCR (qRT-PCR) was carried out in a 20-l reaction mixture containing 9.5 l of diluted cDNA sample, 0.25 M gene-specific primer pair, and 10 l of 2ϫ iTaq Universal SYBR green Supermix (Bio-Rad, Hercules, CA). The RT-PCR protocol consisted of a 3-min initial denaturation step at 95°C, followed by 44 cycles of 95°C for 10 s and 60°C for 30 s. The sptA transcript levels were determined using the primer pair SptAQRT-f/SptAQRT-r (data not shown). As an internal control, 16S rRNA transcript levels were determined using the primer pair 16srRNAQRT-f/16srRNAQRT-r (data not shown). The qRT-PCR results were analyzed using the threshold cycle (2 Ϫ⌬⌬CT ) method (41) . For quantification of sptA transcript levels, 16S rRNA transcript C T values were used to normalize the C T values of the sptA transcripts. Transcript levels of the plasmid-carried novobiocin resistance gene (novR) were also determined by qRT-PCR using the primer pair NovRQRT-f/NovRQRT-r (data not shown), and the resulting C T values were used to normalize the C T values of the sptA transcripts for comparison of the stabilities of transcripts of different constructs.
For the mRNA decay assay, the mid-log-phase culture of the H. volcanii WFD11 transformant was supplemented with 100 g/ml of actinomycin D, which has been shown to inhibit transcription in Haloferax mediterranei (42) and Halobacterium salinarum NRC-1 (43) . Culture samples were taken immediately after the addition of actinomycin D (time point 0 min) and 10, 20, and 30 min later. The samples were directly mixed with equal volume of ice-cold medium in precooled centrifuge tubes and centrifuged at 8,000 ϫ g for 5 min at 4°C to collect the cells. Total RNA was isolated using RNAiso Plus, and mRNA levels were determined by qRT-PCR as described above. 16S rRNA was used as an internal control to normalize the data. Enzymatic activity assay and analysis of translation efficiency. H. volcanii WFD11 transformants were grown in 18% MGM containing 0.4 g/ml novobiocin, and samples were withdrawn from cultures at various time points. Cells and culture supernatants were separated by centrifugation at 10,000 ϫ g for 10 min at 4°C. Cells of transformants harboring recombinant plasmids carrying the bgaH gene, which encodes a halophilic ␤-galactosidase, were washed three times with buffer A (50 mM Tris-HCl, 2.5 M NaCl, pH 7.2) and then sonicated on ice in buffer B (50 mM TrisHCl, 2.5 M NaCl, 10 M MnCl 2 , 0.1% ␤-mercaptoethanol, pH 7.2). Subsequently, the cell extract was separated from cell debris by centrifugation at 13,400 ϫ g for 10 min at 4°C and used for determination of ␤-galactosidase activity according to the method by Holmes et al. (45) . The culture supernatants of transformants harboring recombinant plasmids carrying the sptA gene were assayed for azocaseinolytic activity as described previously (28) .
The skim milk plate assay was also used for detection of recombinant SptA produced by the transformants. H. volcanii WFD11 transformants were grown on 18% MGM agar plate containing 1% skim milk and 0.4 g/ml novobiocin at 37°C for 7 days, SptA-producing capacities of the transformants were detected by halo formation around the colonies.
The proteolytic activity of mid-log-phase culture supernatants was assayed using N-succinyl-Ala-Ala-Pro-Phe-p-nitroanilide (suc-AAPFpNA) (Sigma, St. Louis, MO) as the substrate, as described previously (28) . Briefly, enzymatic hydrolysis of suc-AAPF-pNA was carried out at 40°C in buffer C (50 mM Tris-HCl, 3 M NaCl, 10 mM CaCl 2 , pH 8.0) containing the substrate (0.2 mM). The initial velocity of suc-AAPF-pNA hydrolysis was monitored at 410 nm using a thermostat-controlled spectrophotometer (Cintra 10e; GBC, Victoria, Australia), and the level of activity was calculated based on a pNA extinction coefficient of 8,480 M Ϫ1 cm Ϫ1 at 410 nm. One unit of enzyme activity was defined as the amount of enzyme needed to produce 1 mol of pNa per min under the assay conditions used. Translation efficiency was calculated by dividing the measured proteolytic activity value (units per milliliter/OD 600 ) by the transcript level.
SDS-PAGE and immunoblot analysis. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed using the Tris-glycine system (46) . To prevent self-degradation of the protease during sample preparation, proteins were precipitated with 20% (wt/vol) trichloroacetic acid, washed with acetone, solubilized in loading buffer containing 8 M urea, and then subjected to SDS-PAGE without prior heat treatment. An anti-His tag monoclonal antibody (Novagen) was used for immunoblot analysis as described previously (47) .
RESULTS

Determination of the promoter and transcript of the sptA gene.
There are three in-frame ATGs (designated ATG 0 , ATG 1 , and ATG 2 ) at the 5= end of the sptA gene (Fig. 1A ). We previously found that H. volcanii transformants harboring a pSY1-derived plasmid that contains the nucleotide sequence of sptA starting from ATG 0 rather than from ATG 1 efficiently produce recombinant SptA (25) , suggesting that the region between ATG 0 and ATG 1 plays an important role in sptA expression. Sequence analysis of this region showed that it contains a transcription factor B recognition element (BRE) motif, a TATA box, a WW motif, and a pyrimidine at position Ϫ1 (Fig. 1A) , which are highly conserved cis-acting elements of haloarchaeal promoters (7, 9) . Therefore, it is very likely that the sequence between ATG 0 and ATG 1 acts as a promoter and that the transcription of sptA is initiated downstream of ATG 0 . To test this possibility, cellular mRNAs were isolated from Natrinema sp. strain J7-2 and circularized, and the ligation point of the 5= and 3= ends of the sptA transcript was determined by DNA sequencing (Fig. 1B) . The results showed that the transcriptional start site of sptA was located 5 bp upstream of ATG 1 (Fig. 1A) . Subsequently, plasmid pST1 (which carries bgaH as a reporter gene) was constructed by replacing the bop promoter in pSY1 with the 48-bp DNA fragment of sptA starting from ATG 0 to the nucleotide immediately upstream of ATG 1 , with a mutation of ATG 0 to ATC (Fig. 1C) . Cell extracts of H. volcanii transformants harboring pST1 exhibited higher ␤-galactosidase activity than transformants harboring pSY1 (Fig. 1D) . We also constructed plasmids pSY1-SPTA and pST1-SPTA by replacing the reporter gene bgaH in pSY1 and pST1 with the sptA ORF starting from ATG 1 . Culture supernatants of transformants harboring pST1-SPTA exhibited higher proteolytic activity than transformants harboring pSY1-SPTA (Fig. 1E) . Furthermore, immunoblot analyses and skim milk plate assays showed that transformants harboring pST1-SPTA produced higher levels of SptA than transformants harboring pSY1-SPTA (Fig. 1F ). These results demonstrate that the sequence between ATG 0 and ATG 1 functions as the sptA promoter, with higher activity than the bop promoter, thereby allowing transcription of sptA to be initiated at the site 5 bp upstream of ATG 1 . We also found a halolysin-encoding gene (designated fsptA; GenBank accession no. DQ137267) previously cloned from the Natrinema sp. J7-2 mutant strain F7, which exhibits higher extracellular proteolytic activity than strain J7-2 (unpublished data). The fsptA promoter carries three point mutations in comparison with the sptA promoter (Fig. 1C) . The sptA promoter in pST1 and pST1-SPTA was replaced with the fsptA promoter to generate plasmids pST2 and pST2-SPTA, respectively. Compared with H. volcanii transformants harboring pST1 or pST1-SPTA, transformants harboring pST2 or pST2-SPTA produced higher levels of target proteins, as evidenced by enzymatic activity assays ( Fig. 1D and E), immunoblot analyses, and skim milk plate assays (Fig. 1F) . These data indicate that the fsptA promoter is stronger than the sptA promoter; therefore, the fsptA promoter was used for the expression of sptA and its mutants in this study.
Translation of SptA can be initiated at two in-frame start codons. Haloarchaeal transcripts can be categorized into two groups: leadered transcripts with a 5= UTR of Ն10 nt and leaderless transcripts with a 5= UTR of Ͻ10 nt (7) . As transcription of the sptA gene in Natrinema sp. strain J7-2 was initiated at sites 5 and 29 bp upstream of ATG 1 and ATG 2 , respectively (Fig. 1A) , it is possible that the sptA transcript functions as either a leaderless or a leadered transcript based upon whether AUG 1 or AUG 2 , respectively, serves as the translational start codon. To test this possibility, three mutant constructs were generated from the SPTA construct either by changing one of the two start codons to AUC (M1AUC and M2AUC) or by deleting the sequence starting from AUG 1 to the nucleotide immediately upstream of AUG 2 (M2) (Fig. 2A) . The constructs were cloned into the NdeI-NcoI site of plasmid pST2. Three additional nucleotides (CAU) were present upstream of AUG 1 due to the introduction of the NdeI site ( Fig.  2A) . The resulting plasmids were introduced into H. volcanii, which was then grown in 18% MGM until mid-log phase. Mature SptA was detected upon immunoblotting of culture supernatants of the transformants for the constructs SPTA, M1AUC, M2AUC, and M2 (Fig. 2B ), but mature SptA was barely detectable in analyses of the cellular fractions (data not shown). Additionally, simultaneous mutation of the two start codons to AUC (M12AUC) completely inhibited the production of SptA (Fig. 2B) . These results indicate that both AUG 1 and AUG 2 can function independently as the translation start codon for SptA and that the recombinant enzymes are efficiently secreted from H. volcanii cells and processed into mature forms in the culture medium. The constructs M1AUC and M2AUC contain 5= UTRs of 32 and 8 nt ( Fig.  2A) and thus function as leadered and leaderless transcripts, respectively, for SptA.
SptA protein levels were quantified by assaying the proteolytic activity of the culture supernatant, and transcript levels were quantified by qRT-PCR analysis of cellular mRNA. The resulting data were used to calculate the translation efficiency. Compared with SPTA and M2AUC, significant (P Ͻ 0.01) decreases were observed in the extracellular proteolytic activity (Fig. 2C ) and translation efficiency (Fig. 2D ) of construct M1AUC (in which AUG 1 was mutated to AUC), suggesting that translation initiation from AUG 1 is more efficient than that from AUG 2 . Additionally, although constructs M2AUC and M2 had the same 8-nt 5= UTR ( Fig. 2A) , the translation efficiency of M2 was significantly (P Ͻ 0.01) lower than that of M2AUC (Fig. 2D) . These data suggest that the nucleotides downstream of the start codon affect the translation efficiency of the sptA transcript.
We next investigated the start codon requirements for the two translation initiation sites of sptA transcripts. Four constructs were generated by changing the AUG start codon in M1AUC and M2AUC to GUG or UUG (Fig. 3A) . Immunoblot analysis revealed that both GUG and UUG could drive translation initiation of leaderless (1GUG and 1UUG) and leadered (2GUG and 2UUG) transcripts in H. volcanii to produce mature SptA protein (Fig. 3B,  inset) . However, the translation efficiency of GUG-or UUG-containing transcripts (1GUG, 1UUG, 2GUG, or 2UUG) was much lower than that of AUG-containing transcripts such as SPTA, M1AUC, or M2AUC (all P Ͻ 0.01; Fig. 2D and 3B ). In the case of the leaderless transcripts, the efficiencies of GUG-and UUG-initiated translation were only ϳ1/340 and ϳ1/560, respectively, of that of AUG 1 -initiated translation (compare 1GUG and 1UUG in Fig. 3B with M2AUC in Fig. 2D ). These results demonstrate that both GUG and UUG can serve as the start codon to initiate the translation of sptA transcripts at two start sites, but their translation initiation efficiencies are considerably lower than that of AUG.
Translation initiation of the sptA transcript at the second AUG does not involve leaky scanning. To investigate whether the translation initiation of the sptA transcript at AUG 2 occurs in a eukaryotic-like leaky scanning manner, the sequence between AUG 1 and AUG 2 was substituted for with a sequence known to form a stable stem-loop structure (⌬G ϭ Ϫ18.4 kcal/mol) that totally inhibits translation initiation at an AUG codon upstream of the stem-loop structure in haloarchaeal transcripts (8) , producing construct SL (Fig. 4A) . Significantly lower SptA protein production ( Fig. 4B and C ) and translation efficiency (P Ͻ 0.01) (Fig.  4D) were observed with construct SL. Replacing AUG 1 in SL with AUC (construct SLM1AUC) had minimal effect on SptA production and translation efficiency (Fig. 4B to D) . However, the translation of SptA was totally abolished when AUG 2 in SL was mutated to AUC (construct SLM2AUC), as neither SptA protein nor proteolytic activity was detected in the culture supernatant of H. volcanii SLM2AUC transformants (Fig. 4B and C) . These results indicate that the inserted stem-loop structure blocks translation initiation at AUG 1 but does not affect the initiation at AUG 2 . Therefore, initiation of SptA translation at AUG 2 does not involve ribosome scanning from the 5= end of the transcript.
SptA translation efficiency is not influenced by the presence of an SD-like sequence between the two start codons. The sptA transcript is predicted to contain an SD-like sequence (GGUGA) between AUG 1 and AUG 2 (Fig. 5A) . The five consecutive nucleotides of this sequence are complementary to the 3= end of the 16S rRNAs of Natrinema sp. strain J7-2 (32) and H. volcanii (7) . To investigate whether this SD-like sequence plays a role in the translation of SptA, mutant constructs were generated by reducing the base-pairing capability of this sequence with the 3= end of the 16S rRNA (Fig. 5A) . SptA protein and transcript levels were then determined for each construct (Fig. 5B to D) , and the translation efficiencies were calculated ( Fig. 5E and F) . No significant difference in translation efficiency was observed between M1AUC and M1AUCm2, which contains two mutations in the SD-like sequence (P Ͼ 0.05) (Fig. 5E) .
For efficient translation, the SD motif must be located at an appropriate distance (i.e., 3 to 10 nt in archaea [48] ) upstream of the start codon. When the distance between the SD-like sequence and AUG 2 in M1AUC (13 nt) was shortened to 7 nt, the resulting construct, M1AUCd6, exhibited translation efficiency similar to that of M1AUC (Fig. 5E) . One or two mutations were also introduced into the SD-like sequence in M2AUC, and the translation efficiencies of the resulting constructs, M2AUCm1 and M2AUCm2, were similar to that of M2AUC (Fig. 5F ). These results suggest that the predicted SD-like sequence does not affect the translation of the sptA transcript initiated from AUG 1 or AUG 2 . The two start codons and their flanking regions are important for transcript stability. In addition to translation efficiency, the total mRNA level also regulates gene expression. In this study, the fsptA promoter was employed for transcription of the constructs. Given that constructs using the same promoter exhibited similar transcription efficiencies, the total mRNA level for each construct was dependent on the plasmid copy number and transcript stability. To control for the possibility that plasmid copy number variations among the different constructs affect comparisons of transcript stability, the level of sptA mRNA for each construct relative to that of the reference novR gene located on the same plasmid (Fig. 1C) was calculated based on qRT-PCR data. In comparison with construct SPTA, the relative mRNA levels of all mutant constructs were significantly (P Ͻ 0.01 or P Ͻ 0.05) lower (Fig. 6A) . These data suggest that the nucleotide sequence around the two start codons in native sptA transcript provides for optimal mRNA stability, which enhances the efficiency of sptA gene expression.
The free energies (⌬Gs) of the predicted secondary structures in the 5= region (nucleotides 1 to 50) of the mRNAs were calculated, but no strict correlation between ⌬G and transcript stability was observed (Fig. 6A) . Instead, there is a strong correlation between start codon usage and transcript stability. Notably, mutation of AUG 1 to AUC led to a marked decrease in transcript stability, as evidenced by a remarkable change in mRNA level (compare SPTA with M1AUC in Fig. 6A ). In addition, the stability of leaderless transcripts with a strong start codon (AUG 1 ) was significantly greater than that of transcripts with a weak start codon (GUG or UUG) (compare M2AUC with 1GUG or 1UUG in Fig. 6A) . Therefore, the presence of AUG 1 at the 5= end of the transcript is important for its stability. In the case of AUG 2 , its mutation to AUC (M2AUC) also led to a decrease in transcript stability, but to a lesser extent compared with M1AUC, in which AUG 1 was mutated to AUC (Fig. 6A) . The effects of AUG 1 and AUG 2 on sptA transcript stability were further assessed by measuring the time course of mRNA degradation in H. volcanii cells after the inhibition of transcription by actinomycin D. As shown in Fig. 6B , the mutant constructs M1AUC, M2AUC, and M12AUC showed a significantly (P Ͻ 0.01) faster decay rate than SPTA: M12AUC decayed faster than M1AUC, which decayed slightly faster than M2AUC. These results suggest that both AUG 1 and AUG 2 contribute to transcript stability and that AUG 1 plays a more important role in stabilizing the transcript, probably by increasing the extent of ribosome binding to protect the mRNA from degradation.
DISCUSSION
In this study, the promoter and transcript of the halolysin-encoding gene sptA were experimentally determined. Our results show that depending on which of two in-frame start codons is used for translation initiation, the sptA transcript can act as either a leaderless or a leadered transcript for the production of functional SptA in haloarchaea.
In haloarchaea, the sptA promoter can initiate the transcription of not only the sptA gene but also bgaH, as it contains all of the basic elements of a haloarchaeal promoter (7, 9) . The TATA box and the BRE motif interact with the general transcription factors TATA box-binding protein and transcription factor B, respectively. The WW motif may also interact with an as yet unidentified protein (with transcription factor B and RNA polymerase as likely candidates) (7) . In the present study, target protein production was 2-fold greater with translation using the fsptA promoter than that with the sptA promoter. The fsptA and sptA promoters differ in three positions, none of which are located within the basic haloarchaeal promoter elements. Our data thus suggest that the nucleotides flanking the basic promoter elements play important roles in the regulation of sptA expression.
Both of the in-frame AUGs at the 5= end of the sptA transcript are used as translation start codons for SptA production. AUG 2 -initiated translation does not involve ribosome scanning from the 5= end of the transcript and is not influenced by an upstream SD-like sequence. Instead, initiation of SptA translation at AUG 2 most likely occurs via the SD-less mechanism, whose molecular details remain to be uncovered (8) . Although haloarchaeal transcripts have been categorized as leadered transcripts with a 5= UTR of Ն10 nt and leaderless transcripts with a 5= UTR of Ͻ10 nt, the lower limit of 5= UTRs to direct a transcript to the leadered pathway seems to be 14 to 20 nt, and the upper limit for a 5= UTR to allow usage of the leaderless pathway seems to be around 5 nt (7, 8) . In this context, the sptA transcript, in which the two functional AUGs are located 5 and 29 nt downstream of the transcription start site, has the potential to be translated via the leaderless and SD-less mechanisms independently. However, AUG 1 -initiated translation is more efficient than AUG 2 -initiated translation. This is consistent with the finding that leaderless transcripts not only form the majority of transcripts in haloarchaea, they are also very efficiently translated (7) .
In contrast to other known initiation mechanisms, leaderless translation can be driven by undissociated 70S/80S ribosomes (49, 50) and operate on leaderless transcripts that lack any substantial signals for ribosomal recruitment aside from the start codon (2, 10) . Previous reports indicated that the translation of leaderless transcripts in E. coli requires the use of AUG as the start codon and not just the codon-anticodon complementarity (51, 52) . The results of subsequent cross-linking experiments suggested that specific ribosomal proteins contribute to recognition of the AUG start codon of leaderless transcripts and facilitate initial transcript recognition and binding in the absence of initiator tRNAs and initiation factors in E. coli (53) . Similarly, only AUG serves as a start codon on leaderless dhfr transcript in H. volcanii, and single point mutations to GUG or UUG completely abolish translation initiation (8) . However, several lines of evidence suggest that although an AUG start codon is highly preferred, it is not absolutely required for translation of leaderless transcripts in haloarchaea. For instance, a CAU-to-GAC anticodon mutant of the H. volcanii initiator tRNA can initiate Bop protein synthesis using GUC as the initiation codon in Halobacterium salinarum, suggesting that the requirement for AUG as the start codon for translation of leaderless transcripts does not extend to H. salinarum (54) . Recently, Chen et al. (55) reported that GUG can drive translation of leaderless bgaH transcripts in H. volcanii, with a 5-to 37-fold-lower translation efficiency compared with the use of AUG as the start codon. In this study, we found that not only GUG but also UUG can initiate the translation of leaderless sptA transcript in H. volcanii. Despite their ability to initiate translation of leaderless sptA transcripts, GUG and UUG are much weaker start codons than AUG 1 , as evidenced by the finding that the efficiencies of GUGand UUG-initiated translation are only ϳ1/340 and ϳ1/560 that of AUG 1 -initiated translation. Interestingly, we found that the substitution for AUG 1 with GUG or UUG results in not only a dramatic decrease in translation efficiency but also a marked decrease in sptA transcript stability. In addition, the mutation of AUG 1 to AUC also leads to a significant decrease in transcript stability. These findings are consistent with those of a previous study that demonstrated a strict correlation between translation initiation and the presence of leaderless transcripts in H. salinarum (54) . The life span of a bacterial mRNA is strongly influenced by its association with ribosomes, and the initiation phase of translation plays a significant role in determining mRNA stability (56) . Because the removal of just a few nucleotides from the 5= end of leaderless transcripts that have very short or no 5= UTRs is sufficient to disrupt the translation initiation site, it is reasonable to assume that the 5= end of leaderless transcripts should be properly protected against degradation by RNases. In this context, the strong preference for AUG as the start codon of leaderless transcripts in haloarchaea not only allows for efficient translation initiation, it also has the advantage of improving the affinity of ribosome binding to protect leaderless transcripts against degradation through preventing access of a 5=-end-dependent RNase, such as RNase E-like endoribonuclease (57) or RNase J-like 5=-to-3= exoribonuclease (58) , to the 5= end of the transcript. The AUG 2 -initiated translation of the sptA transcript most likely occurs via the SD-less mechanism, which neither involves ribosome scanning from the 5= end of the transcript nor makes use of the SD mechanism for translation initiation at 5= UTRs (8, 9) . However, bioinformatics analyses of many native SD-less haloarchaeal 5= UTRs have failed to identify conserved motifs responsible for ribosome binding (7, 8) . Nevertheless, the replacement of AUG 2 with AUC leads to a significant decrease in transcript stability, implying that AUG 2 may also act as a ribosome recruitment signal to protect the transcript against RNase-mediated degradation. Because the mutation of AUG 2 to AUC has little effect on sptA expression, initiation of translation of the sptA transcript occurs predominantly at AUG 1 . However, the expression of sptA is not prevented either by mutating AUG 1 to AUC or by deleting the sequence starting from AUG 1 to the nucleotide immediately upstream of AUG 2 , although with a low translation efficiency. It seems that AUG 2 can serve as a remedial initiation site in case AUG 1 is disrupted due to mutation or RNase-mediated degradation.
Two SptA precursor isoforms with different N termini can be generated from the sptA transcript, depending on whether AUG 1 or AUG 2 serves as the translation start codon. Because the two AUGs are located upstream of the codons for the amino acid residues of the Tat motif (DRRSLL) in the signal peptide (Fig. 1A) , alternative utilization of the two translation start sites does not affect the function of the signal peptide and the secretion of SptA in haloarchaea. Moreover, the signal peptide is removed after enzyme secretion, and the resulting proform is then converted into the mature enzyme by autoprocessing of the N-terminal propeptide. Therefore, the sequence of mature SptA is not influenced by alternative translation initiation at either AUG 1 or AUG 2 . The physiologic significance of alternative utilization of the two start codons on the sptA transcript remains to be elucidated. One possible explanation is that different translation initiation mechanisms differentially respond to cellular signals and/or stress. Because the ribosome can span about 30 nucleotides on mRNA upon binding (59) , it is unlikely that AUG 1 and AUG 2 in a single sptA transcript can be simultaneously used as translation start codons. The AUG 2 -initiated translation may be inhibited if AUG 1 is intact and functional. When AUG 1 -initiated translation fails under some conditions, AUG 2 could be used as the start codon that ensures proper expression of sptA. More importantly, our results confirm that alternative translation initiation can take place on the sptA transcript carrying two start codons. A genome-wide survey of codon usage in the 4,302 ORFs of Natrinema sp. strain J7-2 showed that 253 ORFs contain at least two in-frame ATGs within the first 10 codons; 945 ORFs contain at least two potential inframe start codons when GTG and TTG within the first 10 codons are also taken into consideration (data not shown). Given that translation of the sptA transcript can be initiated at one of two sites, it is reasonable to anticipate that further transcriptional and translational analyses of these ORFs will result in the identification of additional haloarchaeal transcripts demonstrating alternative translation initiation. It would be interesting to determine if alternative translation initiation plays an important role in increasing the diversity of gene products in haloarchaea.
